Abstract-One of the main challenges in Cognitive Radio Networks (CRN) is the high energy consumption during the spectrum sensing stage, especially employing a cooperative approach. The algorithm proposed in this paper aims to reduce the energy consumption while maintaining the probability of detection and false alarm probability to the desired thresholds. The algorithm is based on decreasing the number of sensing users using a simple and practical approach. The performance of our approach is then compared in terms of energy efficiency with the different data fusion rules available in the literature. As a result, more than 95% energy saving can be achieved, as shown through mathematical equations and confirmed by simulation results.
I. INTRODUCTION
Cognitive radio is a promising technique which targets the problem of spectrum scarcity by dynamically exploiting the underutilization of the spectrum among the operators [1] . To this goal, the cognitive device needs to access the spectrum of another system, called "primary system", with minimum interference and without impact on the Quality-of-Service (QoS) of the primary system. The main point to fulfill these requirements thus lies in a successful spectrum sensing stage.
In the spectrum sensing stage, the cognitive users, also called "secondary users", try to discover the unused spectrum, also called "spectrum holes", by detecting the signals of the primary users in each channel. Then, the final decision on the availability of the channel can be taken locally, i.e. each secondary user decides relying on its own sensing results, or cooperatively, by exchanging the information among the users to take the final decision. Notice that the spectrum sensing is a continuous process. This means that the spectrum sensing procedure will be still running until the user ends its data transmission and abandons the spectrum [2] .
Thus, spectrum sensing stage represents a big challenge in cognitive radio systems, further constrained by limited power, controlled interference and electromagnetic radiation regulations.
Many prior paper works dealt with this problem from different perspectives. In [3] and [4] , the consumed energy is saved by reducing the number of users sensing the spectrum, whereas in [5] and [6] the sensing period is optimized to reduce the consumed energy. Others, as in [7] , [8] and [9] , limit the amount of information reported to the Base Station (BS).
In [3] , a simple method to save the power for the cooperative spectrum sensing is proposed, where the user refrains to report or exchange information about the sensed spectrum when it does not have a given level of confidence. The confidence on sensing information is measured depending on the decision history. However, in [3] , sensing is compulsory for all users, thus consuming more energy than the information exchange process, especially in non-cooperative spectrum sensing. In [4] , an optimization problem is formulated to find the optimal number of sensing users and optimal sensing duration for consumed energy minimization under detection accuracy constraints, proposing an approximate solution. Although the results in [4] show a considerable amount of saved energy, the group of sensing users must experience a high SNR (Signal to Noise Ratio) and be properly separated from each other, which do not seem a common scenario. A division of the spectrum sensing sub-frame into an optimal number of time-slots is proposed in [5] . In every time slot, each user detects a different channel. In [6] two ways of reporting information from the sensors are compared: "hard" ( 1-bit) or "soft" quantized or multi-bit). A quantization scheme is proposed in [7] for the soft cooperative spectrum sensing. In [8] a new approach is proposed that informs the BS about the sensing results, where only the informative test statistics are reported to the BS.
In this paper, we propose an algorithm to reduce the consumed energy to the minimum value, while maintaining the detection accuracy over the desirable bound. The detection accuracy is measured in terms of the detection probability and the false alarm probability. The decision on the number of users to sense the channel is performed by the BS, which receives sensing information and monitors the detection accuracy against specific thresholds. This proposal is different from [3] and [4] , because some users are excluded from sensing and reporting, not only the reporting as in [3] . Furthermore, sensing users' selection is more practical, avoiding complicated selection conditions as those in [4] . In details, the selection of the sensing users depends on a predefined parameter which represents the fulfillment of the detection accuracy. When a new user contends for the channel, the BS checks the parameter and decides if there is a need to let it sense or not. Likewise, when a currently sensing user leaves the system, the BS checks the parameter in order to decide if there is a need to invite another user to sense the spectrum or not. In case that a new sensing user needs to be invited, the priority is given to those users which do not occupy the channel yet. This priority preserves the local energy of the users which have a channel and already spent energy in data transmission.
The contributions of this work are extended to study the performance of the proposed algorithm in different scenarios of data fusion. As mentioned above, the form of the reported information to the BS can be soft or hard. The soft form is represented by multiple bits, while the hard one is based on a single bit. Due to power and bandwidth constrains, we select to study only the hard form, which has been proved that both have the same detection performance [9] . After the hard data is collected at the BS, a data fusion is applied to take the final decision. In [10] a survey of the available data fusion rules is presented. We run our proposal according to the most popular rules, namely, OR-Rule [11] and Sum-Rule [6] , and a comparison between them is performed in terms of energy efficiency.
The remainder of the paper is organized as follows. Section II deals with system model. In section III, we define our algorithm. An analytical discussion of the proposed algorithm and energy efficiency comparison between different decision rule scenarios are presented in section IV. Simulation results are shown in section V, and finally, the conclusions are drawn in section VI.
II. SYSTEM MODEL Consider a cognitive radio network consisting of N cognitive users (CU). Each user tries to use one or several channels from the set of L primary channels. For the purpose of avoiding interference or collisions with the primary user signal, the CU must sense the primary spectrum to detect the presence of the primary user. As a consequence, the total frame duration (T ) can be divided into three sub-frames: the sensing sub-frame (T s ) for spectrum sensing, the reporting sub-frame (T r ) for reporting the results to BS, and the transmission sub-frame (T t ) for data transmission. We assume there is no exchange of information between the cognitive BS and the primary BS. Based on this assumption, the CUs do not have any prior information about the primary signal, so the optimal detector is just the energy detector itself, which provides a simple and low cost hardware implementation [9] .
The received signal y(t) at the energy detector of each CU can be written as follows:
if channel is free (1) where x(t) is the primary signal with variance (σ 2 x ), and n(t) is the additive white Gaussian noise with variance (σ 2 n ). The results of spectrum sensing are reported to the BS during the reporting sub-frame, so that the BS can make a decision about the primary user presence (if any). As stated in the introduction, the hard form is chosen to represent the reported data to the BS. In this way, the CU has to make a local decision by comparing the detection result with a predefined threshold (λ), called "detection threshold". Thus, CU sends "1" if the detection result is larger than (λ), otherwise, it sends "0".
After all the local decisions are collected from all the sensing users, the BS must take the final decision on the occupancy of all channels. There are a lot of proposed rules we can apply to take this decision. We mentioned the most popular rules, OR-Rule and Sum-Rule. Later, we will discuss both of them in terms of energy efficiency.
For any cognitive system whatever spectrum sensing technique is used, there are two metrics to measure the reliability of the final decision, namely, the probability of detection (P d ) and the false alarm probability (P f ). While the probability of detection is the probability that the final decision classifies the channel as busy when it is busy, the probability of false alarm refers to the probability that the final decision classifies the channel as busy when it is free. Both of these quantities are very important and must be taken in consideration when proposing any spectrum sensing algorithm.
P d and P f depend on many factors, and in any system, they must be kept between some ranges. Mathematically, we can write:
where P th d is the minimum detection probability which can be accepted, and P th f is the maximum false alarm probability which can be tolerated.
Before focusing on our algorithm in the next section, let us define the total consumed energy (E) in the spectrum sensing stage, which can be calculated as follows:
where P s is the sensing power per unit time, and P r is the consumed power per unit time during the result's reporting to the BS. Our approach in this paper focuses on reducing the total consumed energy by reducing the number of sensing users.
III. THE PROPOSED ALGORITHM
The proposed algorithm is based on reducing the consumed energy in the spectrum sensing stage by reducing the number of sensing users, while guaranteeing the sensing performance. The performance of the sensing process is defined by two thresholds: the probability of detection (P th d ) and the probability of false alarm (P th f ). Let us define a new parameter (I), which is an indicator of the fulfillment of such two thresholds. When (I = 1) the two conditions are satisfied, and when (I = 0) at least one of the conditions is not satisfied. So, we can write I as follows:
The core idea behind the proposed scheme is to reduce the number of sensing users to the minimum number of users (N min S ), while keeping the I-indicator equals to "1". The selection of the users sensing the spectrum will be random, providing priority to those users which do not have a primary channel. This priority is given for the aim of saving the local energy of those users which have already a primary channel and consume power in data transmission. Fig. 1 describes our algorithm.
As shown in Fig. 1 , assume the I-indicator in random state (0 or 1). For any new CU which contends for the access to the primary spectrum, the BS will check I. If (I = 1), the CU will use the primary channel without the need to sense the spectrum. If (I = 0), the CU will first sense the channel. On the contrary, for any CU which leaves the spectrum, the BS will immediately check I. If it is 1, it will not take any action; otherwise, the BS will invite a new CU to sense the spectrum. The priority of inviting will be given to those CUs without primary channels, as explained above. In addition to the overall energy saving objective, with the proposed priority of invitation we try to balance the consumed energy between the sensing users, which represents a side advantage of the proposed algorithm. As a result, the consumed energy during spectrum sensing in our proposal will be different from that of the classical approach, derived in Eqn.(4), due to the reduction of the number of sensing users. We can write the resulting overall amount of consumed energy during the spectrum sensing in the proposed algorithm as follows:
where N min s is the minimum number of sensing users which can satisfy the two thresholds (P The percentage of saved energy as compared with the classical approach can be derived as follows:
where E c s is the amount of consumed energy in the spectrum stage for the classical approach derived in Eqn. (4) .
There are many decision-making rules, that for each one of them a different number of CUs is needed to attain the desired performance. As a result, the exact value of N min S in Eqn. (7) needed to determine the amount of energy saving depends on the applied rule to take the final decision. This aspect is discussed in the next section.
IV. ANALYTICAL DESCRIPTION OF DECISION MAKING SCENARIOS
Energy saving in the proposed algorithm is achieved by satisfying the system requirements represented by P th d and P th f according to the minimum number of sensing users. Hence, the amount of consumed energy depends on how the final decision is made at the BS side regarding the availability of the spectrum. In this sense, the final decision relies on the rule which is applied over the reports collected by the BS. This section is devoted to discuss our algorithm in accordance with two different rules for the decision making, namely, ORRule and Sum-Rule. The discussion includes the analytical formulation of the amount of saved energy in each scenario.
A. OR-Rule
In this scenario, each sensing user, after finishing the sensing process, makes a local decision on the spectrum availability. This decision is based on predefined threshold (λ) and it is reported to the BS by a single bit "1 = busy", or "0 = free". When all the local decision bits are received, the BS applies the OR-Rule to output the final decision. The OR-Rule implies that if at least one CU makes a local decision of busy (or 1), the final decision will be busy (or 1), otherwise the final decision will be free (or 0). In other words, the final decision will not be free, unless all the users decide it [11] .
The detection probability for each user P dn , i.e. the probability of a local decision "1" when the channel is actually busy can be written as:
Notice that, y(t) is the average of S samples taken by each local detector. So, by using the central limit theorem, the local detection probability is given by [6] ,
where
and the false alarm probability for each user P fn , which is the probability of a local decision "1" when the channel is free, is given as:
Also by using the central limit theorem, the local false alarm probability P fn is given by [6] :
The overall detection probability (i.e. the probability of a final decision of "1" when the channel is busy) is defined as the probability that at least one of the users reports a local decision of "1" when the channel is busy. As a consequence, the overall probability of detection can be expressed as:
The overall false alarm probability can then be defined as the probability that at least one of the users reports "1" when the channel is free.
By analyzing these two equations, we can conclude that decreasing the number of sensing users will decrease the detection and false alarm probabilities. Hence, the number of sensing users must be within a specific range [N 
Similarly, we can obtain N max s from the upper threshold P th f as follows:
As a result, the range for the number of sensing user that satisfies the performance requirements is calculated as follows:
B. Sum-Rule
This scenario considers that the local decision will be taken by the sensing user itself, and this decision (single bit 1 or 0) will be sent back to the BS. A different rule will then be applied by the BS, as compared with previous scenario. In this case, the Sum-Rule is employed, where the sum of all the local decisions is compared to a predefined threshold (γ) so as to take the final decision [6] .
The individual false alarm and detection probabilities are similar to Eqns. (8) and (9) because the same procedure is applied to obtain the local decision. Nevertheless, the final decision is taken according to different rules. So, the overall probabilities will be different from Eqns. (10) and (11).
After all local decisions (C n = 0 or 1) are received, the BS calculates the sum value (V ) of these local decisions, as follows:
This sum value will be compared to a predefined threshold (γ), and the final decision is taken as follows:
The overall detection probability with Sum-Rule (P
Sum d
) is the probability that the Sum value (V ) is higher than the threshold (γ) when the channel is, in fact, busy. So, the detection probability with Sum-Rule can be calculated as follows:
On the contrary, the overall false alarm probability with Sum-Rule (P Sum f ) is the probability that the sum value (V ) is higher than the threshold (γ) when the channel is free.
To find the minimum number of sensing users that satisfies the desired performance of the system (i.e. the probabilities thresholds), we define two quantities N is the minimum number of sensing user that satisfies the threshold of false alarm probability (P th f ). Hence, the minimum number of users being selected for acceptable performance of the system is:
Notice that the extracting of the number of minimum sensing users in the equations (17, 18 and 19) in a closed form expressions is analytically unfeasible.
V. SIMULATION RESULTS
In this section we present the simulation results of the proposed approach for a cognitive network with 20 CUs trying to access the primary spectrum. Each CU has a local energy detector with threshold λ. After several preliminary experiments, we selected λ = σ Clearly, the amount of saved energy increases as σ 2 x increases, reaching 95% when σ 2 x equal to 15 dB (i.e. for relatively high SNRs). Comparing both rules in terms of energy efficiency, both achieve an excellent performance in good channel conditions. However, in poor conditions (σ 2 x less than 7dB), the Sum-Rule is still able to save a good amount of energy (40%) -even when the channel worsens (−5dB), while the OR-Rule results in no gain (σ 2 x less than 0dB), due to the inability of this rule to fulfill the thresholds of detection accuracy.
Despite high detection accuracy thresholds and bad channel conditions, simulation results, shown in Fig. 2 , outline that huge amounts of energy saving are achieved in the spectrum sensing stage by means of our approach, especially by employing the Sum-Rule. Indeed, final results have lived up to initial expectations in energy savings. In Fig. 3 , we apply less detection accuracy, and show the performance of the proposed algorithm in terms of energy efficiency versus σ We choose the thresholds of detection accuracy to be as: (P th d = 0.8) and (P th f = 0.2), obtaining that the percentage of saved energy at (σ 2 x = −5dB) is increased to 60%. This is due to the lower required detection accuracy, which can be achieved by selecting a lower number of sensing users. Notice also that the performance of OR-Rule is enhanced at (σ 2 x = 0dB), confirming the capability of such rule to fulfill lower performance thresholds. Fig. 4 is a generalization of the last two figures, where a 3D view of the saved energy versus the detection and false alarm probabilities at σ 2 x = 0dB is presented. Fig. 4 , which summarizes the obtained results from Fig. 2 and Fig. 3 , shows the high percentage of saved energy in slight detection accuracy requirements for both rules and with the same percentage. Otherwise, under strict requirements of detection accuracy, the Sum-Rule outperforms the OR-Rule in energy saving according to our proposed algorithm. VI. CONCLUSIONS An energy saving algorithm for spectrum sensing stage in cognitive radio networks has been proposed in this paper. The algorithm is based on reducing the number of sensing users to the minimum, while keeping the detection accuracy within the desired range. The results show relevant saving of the consumed energy, up to 95% in the best conditions. The algorithm has been tested according to two different data fusion rules, namely, OR-Rule and Sum-Rule. Results show that the Sum-Rule provides a high performance being able to achieve huge amounts of saved energy even under harsh channel conditions and high detection accuracy requirements.
